Abstract: Pulmonary hypertension is a debilitating disease with no cure. We have previously shown that peroxisome proliferator-activated receptor (PPAR) β/δ agonists protect the right heart in hypoxia-driven pulmonary hypertension without affecting vascular remodeling. PPARβ/δ is an important receptor in lipid metabolism, athletic performance, and the sensing of prostacyclin. Treatment of right heart hypertrophy and failure in pulmonary hypertension is an emerging target for future therapy. Here we have investigated the potential of GW0742, a PPARβ agonist, to act directly on the right heart in vivo and what transcriptomic signatures are associated with its actions. Right heart hypertrophy and failure was induced in mice using a pulmonary artery banding (PAB) model. GW0742 was administered throughout the study. Cardiovascular parameters were measured using echocardiography and pressure monitoring. Fibrosis and cellular changes were measured using immunohistochemistry. Transcriptomics were measured using the Illumina MouseRef-8v3 BeadChip array and analyzed using GeneSpring GX (ver. 11.0). PAB resulted in right heart hypertrophy and failure and in increased fibrosis. GW0742 reduced or prevented the effects of PAB on all parameters measured. GW0742 altered a number of genes in the transcriptome, with Angptl4 emerging as the top gene altered (increased) in animals with PAB. In conclusion, the PPARβ/δ agonist GW0742 has direct protective effects on the right heart in vivo. These observations identify PPARβ/δ as a viable therapeutic target to treat pulmonary hypertension that may complement current and future vasodilator drugs.
INTRODUCTION
Pulmonary hypertension is a rare but devastating disease in which the normally low pulmonary artery pressure is elevated due to vasoconstriction and remodeling of pulmonary vessels. Increased pulmonary artery pressure results in increased workload on the right side of the heart, causing right heart hypertrophy, fibrosis, and ultimately heart failure. Drugs used to manage pulmonary hypertension are traditionally designed to target the vasculature and enhance vasodilator and antiproliferation pathways, including nitric oxide/cyclic guanosine monophosphate (with phosphodiesterase type 5 inhibitors) and prostacyclin (with prostacyclin and related mimetics), and/or inhibit vasoconstrictor pathways, such as endothelin 1 (with receptor antagonists).
1,2 However, it is increasingly recognized that, in addition to the pulmonary vasculature, the right heart is a viable therapeutic target in the treatment of pulmonary hypertension. 3, 4 We have recently shown, using a hypoxia model of pulmonary hypertension in rats, that GW0742, a ligand for peroxisome proliferator-activated receptor (PPAR) β/δ, 5 reduces right heart hypertrophy without influencing pulmonary vascular remodeling. 6 This was a somewhat unexpected finding, since we and others found GW0742 to relax pulmonary vessels 6 or vascular cells 7 and to inhibit lung cell proliferation in vitro. 8 Despite this, however, the in vivo data suggested that GW0742 might have a direct protective action on the right heart in this model. 6 PPARβ/δ is expressed in the heart, where it regulates metabolism and protects against ischemia reperfusion injury. 10, 11 In addition, a recent study by Liu et al. 12 used a transverse aorta constriction model and showed that left ventricular dilation, fibrosis, and mitochondrial abnormalities were reduced in transgenic mice in which constitutively active PPARβ/δ was expressed. This suggests that PPARβ/δ is an attractive protective pathway in the overloaded heart independent of any effects on blood vessels. Drugs that activate PPARβ/δ also enhance physical endurance when given with exercise by a mechanism involving enhanced metabolism in muscle via the adenosine monophosphate (AMP) kinase/PPARγ coactivator 1α pathway. 13 Importantly, orally active drugs that activate PPARβ/δ have been developed and tested in humans.
In the current study, we have extended our earlier observations to investigate directly the effect of GW0742 on right heart remodeling and the transcriptome in a model that mimics the increased workload to the right side of the heart seen in pulmonary hypertension. 14 
METHODS
Experiments were performed according to institutional guidelines that comply with national and international regulations. The local authorities for animal research approved the study protocol.
Animals
Male C57BL/6 mice (Charles River, Sulzfeld, Germany) were used. Baseline cardiovascular characteristics were not different between groups (Table 1) .
Pulmonary artery banding (PAB)
Briefly, animals were anesthetized with isoflurane (3%), intubated, and mechanically ventilated. Pulmonary arteries were constricted with a small titanium ligating clip (Hemoclip; Edward Weck, Research Triangle Park, NC) with a width of 0.35 mm, after which the chest was closed and the animal was allowed to recover from anaesthesia. Control mice were subjected to sham operations with either drug or placebo (vehicle) treatments.
Experimental protocol
Seven days after surgery, mice were randomized (10 mice per group) to the following groups: group 1, sham-operated mice plus placebo; group 2, sham + GW0742 at 30 mg/kg/d; group 3, PAB plus placebo; group 4, PAB plus GW0742 at 10 mg/kg/d; group 5, PAB plus GW0742 at 30 mg/kg/d. Treatments (oral gavage) were performed for 14 days until the day of the terminal hemodynamic measurements on day 21.
Echocardiography
Echocardiography was performed before and 14 days after treatment using the Vevo770 high-resolution imaging system equipped by 30-MHz transducer (VisualSonics, Toronto). Anesthesia was induced with 3% and maintained with 1.0%-1.5% isoflurane in room air supplemented with 100% O 2 . Cardiac output (CO), tricuspid annular plane systolic excursion (TAPSE), and myocardial performance index (MPI) were measured as described elsewhere. 15 All measurements were performed by an experienced sonographer who was blinded to the results of invasive and morphometric studies.
Hemodynamic and right ventricle (RV) hypertrophy measurements RV systolic pressure (RVSP) was measured by a catheter inserted into the RV via the right jugular vein; for systemic arterial pressure (SAP), left carotid artery catheterization was performed as described elsewhere. 16 The heart was dissected to separate RV from left ventricle plus septum Microarray analysis RNA was extracted from whole right hearts of mice and converted, and samples were hybridized onto probe sets on an Illumina MouseRef-8v3 BeadChip array, as described elsewhere. 18 Data were analyzed using the syntax package R (ver. 2.3.1) with Bioconductor and limma. 14 Data were calculated using a moderated t test followed by BenjaminiHochberg false discovery rate correction and Ingenuity Pathway Analysis software, and selected associations are shown. Transcriptomic changes in the heart associated with PAB have been reported elsewhere. 14 As shown previously, 14 PAB in this study induced significant changes in numerous genes in the heart; transcriptomic analysis of genes in this model have been reported in detail in other studies and are not the direct subject of this report. However, the data obtained have been included for the readers' information in Tables S5-S8; Tables S1-S8 are available online.
Data analysis
Data are mean ± SEM. Differences were considered statistically significant at P < 0.05, determined using analysis of variance and the Student-Newman-Keuls post hoc test for multiple comparisons between studied groups.
RESULTS
Effect of the PPARβ/δ agonist GW0742 on cardiovascular parameters induced by PAB To investigate the effect of GW0742 on RV hypertrophy and function, we used a mouse model of physical pulmonary artery constriction that leads to increased resistance followed by RV hypertrophy, fibrosis, and RV failure. This model allows elucidation of the effects of treatment on the right heart independently of the pulmonary vasculature. We tested the potential for the PPARβ/δ agonist GW0742 to improve RV function at two doses, 10 and 30 mg/kg. These doses were recommended by the supplier, GlaxoSmithKline, and are consistent with other studies using the compound in vivo. 6, 19 Noninvasive evaluation of RV function demonstrated that 7 days after PAB mice developed RV dysfunction and failure (Table 1) , which progressively worsened from day 7 to day 21. Specifically, PAB increased RVSP and RV mass (RV/LV+S), impaired RV MPI, and decreased cardiac index (CI) and TAPSE. PAB had no effect on SAP (Fig. 1B) .
Treatment with GW0742 at a dose of 30 mg/kg had no effect on any parameter measured in sham-operated animals. GW0742 (10 or 30 mg/kg) similarly had no effect on increased RVSP after PAB (Fig. 1A) . By contrast, GW0742 (30 mg/kg) significantly decreased RV hypertrophy and improved CI, TAPSE, and RV MPI in PAB mice compared with placebo-treated animals ( Fig. 1D-1F ). GW0742 (10 mg/kg) significantly prevented further worsening of RV function in PAB mice compared with PAB mice treated with placebo ( Fig. 1D-1F ). The improvement in MPI in response to GW0742 treatment was associated with reduction in the isovolumic relaxation time with a slight increment in ET interval. Additionally, we found that treatment with GW0742 increased Sm peak velocity, indicating improvement in systolic function of the RV (data not shown).
Effect of GW0742 on fibrosis and vascularization in the RV induced by PAB Right heart hypertrophy and dysfunction induced by PAB is accompanied by fibrosis and associated with increased levels of collagen, increase in cardiomyocyte size, and reduction in vascularization (number of capillaries; Fig. 2 ). GW0742 (30 mg/kg) had no effect on collagen, cardiomyocyte size, or capillary density in the RV of sham-operated animals (Fig. 2) . However, the protective effects of GW0742 seen on ventricular mass and function were recapitulated at the cellular level in the heart. Increased collagen deposition and cardiomyocyte size were dose-dependently reduced by GW0742 at 10 and 30 mg/kg ( Fig. 2A-2C ). Vasculariza-tion was also significantly increased by GW0742 (10 and 30 mg/kg) in a dose-dependent manner (Fig. 2D) .
Effect of GW0742 on the transcriptome in sham-operated animals and in animals with right heart failure induced by PAB PPARβ/δ agonists such as GW0742 are known to cause many or most of their actions through modulating induction of genes. 20 In sham-operated animals, treatment with GW0742 induced significant changes (increase or decrease) in 59 genes, with 36 being increased and 23 being decreased. Using a cutoff of genes altered ≥1.5-fold resulted in a list of 20 genes being significantly changed in right heart tissue of sham-operated mice treated with GW0742; 14 genes were increased, and 6 were decreased. Importantly, however, the PPARβ/δ target gene, Angptl4, was increased by ≥3-fold in the heart tissue of sham-operated mice treated with GW0742 (Table 2 ). Pathway analysis of the 59 genes altered by GW0742 in sham-operated mice revealed associations with the following network functions: cell cycle and development/death, amino acid metabolism, and developmental/metabolic disorders (Table 3) . These network functions were linked with the following biofunctions: cancer, cell cycle, and connective tissue development and function (Table S1 ). In line with this, canonical pathways identified in the hearts of sham-operated mice that received GW0742 included the cell cycle, ubiquinone biosynthesis, inositol metabolism, mitochondrial dysfunction, and oxidative phosphorylation (Table S2) . In PAB mice, GW0742 treatment resulted in 70 genes being significantly altered, compared with PAB mice treated with placebo. Again taking a cutoff of ≥1.5-fold, GW0742 altered 7 genes in PAB mice (Table 4) . Importantly, again, as in sham-operated animals, the target gene Angptl4 was increased by GW0742 in the right heart tissue of the PAB animals. In fact, Angptl4 was ranked number one in the list of altered genes with a >3-fold increase in GW0742-versus vehicle-treated animals. Using the full list of 70 altered genes in PAB mice treated with GW0742, pathway analysis revealed (as was seen in the sham-operated group) associations with cellular development and cell death network functions (Table 5 ). Biofunctions associated with GW0742 treatment in this group included cardiovascular disease (Table S3) . Four of the canonical pathways identified as being linked to gene alteration by GW0742 treatment in sham-operated animals were also linked in animals treated with GW0742 in the PAB model: inositol metabolism, ubiquinone biosynthesis, mitochondrial dysfunction, and oxidative phosphorylation (Table S4) .
DISCUSSION
Pulmonary hypertension is a rare but debilitating disease with no known cure. As the disease progresses, the additional workload on the right heart causes hypertrophy, fibrosis, and failure. As such, the right heart has now become a valid therapeutic target in the treatment of pulmonary hypertension. We have previously shown that the PPARβ/δ agonist GW0742 inhibits right heart hypertrophy in a hypoxia-driven model of pulmonary hypertension and speculated that this may be due to actions directly on the heart. 6 In the current study, we have addressed this possibility directly and used a PAB model to induce changes in the right heart consistent with those seen in pulmonary hypertension. Using this model, we have demonstrated that the PPARβ/δ agonist GW0742 reduces hypertrophy and fibrosis. Analysis of the entire mouse transcriptome in the right heart tissue of animals with PAB treated with GW0742 revealed the PPARβ/δ target, Angptl4, as the top gene induced. These data support the idea that PPARβ/δ is a therapeutic target in the treatment of pulmonary hypertension and indicate that GW0742 and similar drugs are the first therapies to directly target right heart failure in pulmonary hypertension. GW0742 is a highly selective PPARβ/δ agonist 5 shown to be active in a range of cell types, including lung fibroblasts, 8 platelets, 21 and-relevant to this study-cardiomyocytes. 22 In vivo, GW0742 has been shown to protect against atherosclerosis, 23 colon cancer, 24 ischemia reperfusion injury in the heart, 11,25 acute lung injury, 26, 27 and septic shock. 27 In addition, there is mounting evidence that PPARβ/δ activated by other means plays an important role in the heart. Of direct relevance to this study, others have shown that PPARβ/δ activation in adult hearts facilitates mitochondrial function and improves cardiac performance under pressureoverload conditions. 12 In our study, we found that GW0742 reduced right heart hypertrophy and fibrosis. These obser- Note: Animals were sham operated and treated with placebo (vehicle) or 30 mg/kg/d GW0742. After 14 days, the right ventricle was excised, and RNA was extracted from each sample. Gene expression was measured using the Illumina MouseRef-8v3 BeadChip array, and data were analyzed using the syntax package R (ver. 2.3.1) with Bioconductor and limma. Genes that were significantly altered were calculated using a moderated t test followed by Benjamini-Hochberg false-discovery rate correction. FC: fold change.
vations are in line with others showing that activation of PPARβ/δ with the selective agonist L-165041 inhibits hypertrophy in neonatal rat cardiomyocytes 28 and proliferation of cardiac fibroblasts through inhibition of nuclear factor κβ signaling. 29 In our study, the effects of GW0742 on fibrosis in the right heart were associated with reduced collagen expression. Of direct relevance to our work, others have shown that activation of PPARβ/δ using GW501516 inhibits collagen synthesis in cardiac fibroblasts. 30 Thus, reduced fibrosis may in part help to explain the reduction in right heart remodeling and subsequent improvements in CO and performance observed in our model. However, it should be noted that a reduction of pressure overload-induced RV hypertrophy by pharmacological intervention might be either beneficial or deleterious for heart function. The overall effect may depend on many factors, including fibrosis, vascularization, and intrinsic metabolic demand. Indeed, since the mechanisms of transition from compensatory RV hypertrophy to maladaptive RV remodeling are not completely understood, it is difficult to make firm conclusions regarding the overall clinical benefit of PPARβ/δ agonists in the complex setting of clinical pulmonary hypertension. Nevertheless, in our study we have clearly demonstrated that PPARβ/δ activation reduced RV hypertrophy and improved vascularization and heart function. This observation, together with our previous work showing that GW0742 improved RVSP and reduced RV hypertrophy in a hypoxic model of pulmonary hypertension, 6 suggests that this pathway warrants further study. In line with this and of direct relevance to patients with pulmonary hypertension, where exercise capacity is reduced, it should also be noted that PPARβ/δ activation in association with exercise or activators of the AMP kinase pathway improves athletic performance at the level of muscle metabolism. 13 Small-molecule activators of AMP kinase have been developed, 31 and, while it is beyond the scope of our current study to investigate this pathway, it is tempting to speculate that these drugs may act in synergy with PPARβ/δ agonists in the treatment of pulmonary hypertension. Indeed, the AMP kinase activator AICAR inhibits cardiac fibroblast proliferation 32, 33 and protects against myocardial injury after ischemia reperfusion. 33 PPARβ/δ mediates its effects via genomic 34 and nongenomic 20, 35 pathways. In the current study, we analyzed genomic influences by monitoring global gene induction Note: Animals underwent a sham operation and after several days were orally dosed with vehicle or GW0742 (30 mg/kg). After 14 days, the right ventricle was excised, and RNA was extracted from each sample. Gene expression was measured using the Illumina MouseRef-8v3 BeadChip array, and data were analyzed using the syntax package R (ver. 2.3.1) with Bioconductor and limma. Genes that were significantly modified, as calculated using a moderated t test followed by Benjamini-Hochberg falsediscovery rate correction, were imported into Ingenuity Pathway Analysis software. The table shows the top five networks identified from genes differentially expressed in C57BL/6 mice treated with GW0742 compared with sham-operated controls. Note: Animals were subjected to pulmonary artery banding and treated with placebo (vehicle) or 30 mg/kg/d GW0742. After 14 days, the right ventricle was excised, and RNA was extracted from each sample. Gene expression was measured using the Illumina MouseRef-8v3 BeadChip array, and data were analyzed using the syntax package R (ver. 2.3.1) with Bioconductor and limma. Genes that were significantly altered were calculated using a moderated t test followed by Benjamini-Hochberg false discovery rate correction. FC: fold change.
in the right hearts of animals treated with GW0742. PAB itself has profound effects on gene induction in both the right and the left heart, which has been described in a previous study.
14 In other systems, the PPAR target gene, Angptl4, is consistently induced by PPARβ/δ agonists, 34 including GW0742. 36 In line with this, we found that Angptl4 was the top gene induced from the entire transcriptome in right heart tissue from PAB mice treated with GW0742. We also found that Angptl4 was among the top three genes induced by GW0742 in the right heart of sham-operated animals. As we saw previously, 6 GW0742 had no effect on cardiovascular or cardiac parameters in sham-operated animals. These observations suggest that the changes in the transcripome are protective and, therefore, are only apparent functionally when there is a pathological change. Angptl4 is a member of the angiopoietin-like family and regulates angiogenesis and lipid metabolism. 37 While no data currently exist relating Angptl4 to idiopathic pulmonary hypertension, it has recently been associated with high-altitude adaptation in Tibet. 38 Angptl4 has also been associated with left heart failure; a recent study found Angptl4 to protect against myocardial infarction and no reflow through preservation of vascular integrity. 39 It was demonstrated that vascular permeability, hemorrhage, edema, inflammation, and infarct severity were increased in Angptl4-deficient mice, whereas injection of recombinant human Angptl4 reduced myocardial infarct size and the extent of no reflow in mice and rabbits. These observations support the idea that Angptl4 is a viable mechanism by which PPARβ/δ activation leads to cardioprotection.
PPARβ/δ agonists induce Angptl4 gene expression, protect the right heart at the level of reduced fibrosis, and improve CO and failure in a PAB model. These findings identify the right heart as a viable therapeutic target in the treatment of pulmonary hypertension and add further weight to the hypothesis that PPARβ/δ agonists may be of benefit to patients with the disease. It should, however, be noted that drugs like GW0742 may interact with other therapies used to treat pulmonary hypertension, and more preclinical studies should be carried out 6 using combinations of drugs before clinical trials begin.
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